Abstract To prevent the development and spread of spoilage/ pathogenic microorganisms via meat foodstuffs, antimicrobial nanocomposite packaging can serve as a potential alternative. The objective of this study was to develop a new class of antimicrobial hybrid packaging mat composed of biodegradable polyurethane supplemented with virgin olive oil and zinc oxide via electrospinning. Instead of mixing antimicrobial compounds directly with food, incorporation in packaging materials allows the functional effect at food surfaces where microbial activity is localized. The nanofibers were characterized by SEM, EDX, XRD and TEM. The antibacterial activity was tested against two common foodborne pathogens viz., Staphylococcus aureus and Salmonella typhimurium. The present results indicated that incorporation of olive oil in the polymer affected morphology of PU nanofibers and nanocomposite packaging were able to inhibit growth of pathogens. Thus; as-spun mat can be used as prospective antimicrobial packaging, which potentially reduces contamination of meat/meat-products. Moreover, introduced biodegradable packaging for meat products could serve to replace PVC films and simultaneously help to protect natural environment.
Introduction
Meat is one of the most perishable foods present in the food industry/or commerce. In fact, meat represents an ideal medium for the growth of spoilage or/pathogenic microorganisms.
Contamination of food products by microbial growth can cause health hazards to human beings. It is particularly hazardous when the food is contaminated by pathogenic microorganisms. It is well known that tissues from healthy animals are mostly germ-free (Gill 1979) . Microorganisms gain access into or onto the surface of meat from different sources during handling and processing of meat. In addition to the development of pathogens, microbial growth commonly induces undesirable organoleptic changes during the storage of meat. Food spoilage is the result of microbial activity in the food matrix causing decomposition of carbohydrates and proteins (Jay 1996; Ellis & Goodacre 2001) . Meat and meat products are usually contaminated with Listeria monocytogenes, Salmonella typhimurium, Salmonella enteritidis, and Yersinia enterocolitica responsible for foodborne illnesses and in severe case deaths. Recent reports have shown that different types of food and environmental sources harbor bacteria that are resistant to one or more antimicrobial drugs (Anderson et al. 2003; Schroeder et al. 2004) . The foodborne pathogens which were found to be resistant to a range of antibiotics are Escherichia coli, Staphylococcus aureus, Salmonella typhimurium, Bacillus cereus, Klebsiella pneumoniae, Enterobacter spp. (Tenover 2006) . Among the predominant bacteria involved in foodborne diseases; Staphylococcus aureus is a leading cause of gastroenteritis resulting from the consumption of contaminated food. Likewise; Salmonella is a leading cause of bacterial foodborne diseases in both developed and developing countries (Carter et al. 2009 ). Thus it is given to understand that additional measures should be used to ensure the safety of food products. In recent years, much emphasis has been put on the safety aspect of foods owing to cross contamination caused by spoilage food microorganisms. To prevent the development and spread of spoilage and pathogenic microorganisms via meat foodstuffs, antimicrobial packaging, especially based on the natural substance and biodegradable polymer could be a potential alternative. Instead of mixing antimicrobial compounds directly with food, incorporating them in the packaging matrices/or mats allow the functional effect on the food surface. Recently, nanotechnology in food packaging has been an emerging area in which packaging materials can be manipulated for improving the barrier, mechanical and heatresistance properties, biodegradability, and flame retardancy compared to normal polymer (Pereda et al. 2012; Huang et al. 2012) . It also provides promising alternatives for developing active antimicrobial and antifungal surfaces and sensing as well as signaling microbiological and biochemical changes (ElAmin 2005) . The goal of this work was to develop durable organic-inorganic hybrid antimicrobial nanofibers as packaging material for meat and meat based products. Nevertheless, to the best of our knowledge, there is no report on the fabrication of biodegradable polyurethane based packaging material supplemented with zinc oxide and virgin olive oil. Olive oil from olive fruit (Olea europaea L.; Family-Oleaceae) is of huge dietetic importance as it is rich in essential vitamins, fatty acids, and other natural nutrients. Olive oil is used from the ancient times as medicine and was valued highly in the Middle East. It was mentioned in the Holy Quran 1,400 years ago. Olive oil is a natural material and is loaded with antibacterial ingredients, flavonoids and antioxidants (Kiritsakis and Markakis 1987) . Likewise, zinc oxide nanoparticles (ZnO) possess antibacterial activity and it is currently used in various materials (Chia et al. 2010; Jalal et al. 2010; Becheri et al. 2008; Alessio et al. 2008; Sawai 2003) . The extensive use of ZnO nanomaterials is because of its low toxicity and biodegradability. Zn 2+ is also among the essential trace element for adults (Approximately 9.5 and 7.0 mg of Zn 2+ per day in any form is needed for men and women, respectively) (Su et al. 2013) . Considering the unique properties of olive oil and zinc oxide, we herein report for the first time the fabrication of olive oil/polyurethane composite nanofibrous packaging mats decorated with ZnO nanoparticles by electrospinning. Electrospinning is one of the most successful methods to fabricate fibers from a broad range of materials such as polymers, ceramics, metals and so forth. In the present investigation, we opted biocompatible, biodegradable poly (urethane) (PU) as a driving source to support the spinning progression of olive oil. PU is thermoplastic polymer having outstanding mechanical properties and water insolubility (Kidoaki et al. 2006; Khlystalova et al. 1986 ). PU possesses good barrier properties and oxygen permeability and more to the point it is an FDA approved polymer. Generally, chilled meat is packaged in polystyrene trays and wrapped in plastic polyvinyl chloride (PVC) film. However, these films impose recycling issues. The present study explores the possibility of replacing PVC film with the introduced biodegradable packaging material in order to get rid of the microbial contamination and preserve the characteristic features (such as color, taste etc.) of meat.
Materials and methods

Materials
The oil (Spain extra virgin olive 100 %) was purchased from the local supermarket (Jeonju, South Korea). ZnO powder (particle size <100 nm, 99.9 %) was purchased from SigmaAldrich. Polyurethane (PU: Mw=110,000, Cardio Tech. Intern., Japan) was used for the fabrication of pristine and composite nanofiber membranes. Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) (analytical grade; Showa Chemicals Ltd.,Japan) were used as solvents without further purification. S. aureus and S. typhimurium were purchased from the Korean Culture Centre of Microorganisms (KCCM). Tryptone Soya Broth (TSB; Becton, Dickinson and Company, USA) was used as a growth medium.
Electrospinning of pristine and organic-inorganic hybrid mats
The fabrication of pristine PU and olive oil-ZnO/poly (urethane) hybrid nanofibrous mats was carried out by electrospinning process. PU solution (10 wt.%) was prepared by dissolving PU in DMF: THF (1:1 w/w) under magnetic stirring overnight at room temperature. Different weight% (5 % and 10 %) of virgin olive oil was added separately into the polymer solution and stirred for about 2 h at room temperature to get uniform olive/PU composite solution. For the preparation of olive oil-ZnO/poly (urethane) hybrid mat, 5 wt.% of virgin olive oil and 3 wt.% of ZnO were added together in the polymer solution and stirred for an hour prior to electrospinning. The obtained solutions were independently subjected to the electrospinning. Briefly, the obtained sol-gel was transferred with the help of micropipette to a 10 ml syringe (Shinchang medical Co. Ltd., Republic of Korea) fixed with a plastic micro-tip (internal diameter =0.6 mm) as the spinning head. A high voltage power supply (SHV300 60 kV/2 mA, ACP Korea Co. Ltd., Republic of Korea) capable of generating voltage up to 60 KV was used as a source of electric field in the spinning process. A copper pin connected to high voltage power supply was inserted in the solution as a positive terminal whereas a ground iron drum covered by a polyethylene sheet served as counter electrode. The solution was kept in the capillary by adjusting the inclination angle. A voltage of 15 kV was applied to this solution. The distance between the syringe needle tip and collector was fixed at 10 cm. The electrospun mats were collected, dried in a vacuum oven overnight to remove the residual solvents and stored in desiccators for further analysis.
Characterization
The XRD patterns of pristine PU, and olive oil-ZnO poly (urethane) hybrid nanofibrous mats were recorded on X-ray diffractometer (D/MAX 2500, Rigaku Corporation, Tokyo, Japan) with copper Kα radiation (λ=1.540 Å) over Bragg angles ranging from 10-80°. The operating voltage and current were maintained at 30 kV and 40 mA, respectively. The morphological features of pristine PU, virgin olive oil encapsulated PU and olive oil-ZnO/PU hybrid nanofibrous mats were observed by a scanning electron microscope (SEM, S-7400, Hitachi High Technologies, Japan). Each specimen was uniformly spread on the carbon tape; Pt coating was applied for 10 s onto the synthesized nanofibers prior to SEM observation. The fiber diameter was measured directly from SEM images and the average was calculated. To get insight into topographical, compositional and morphological view of hybrid nanofibers; TEM was taken. The chemical composition of pristine and olive oil-ZnO/poly (urethane) hybrid nanofibrous mats was analyzed by energy dispersive X-ray spectrometer (EDX) equipped with SEM apparatus.
Antibacterial activity
The bactericidal activity of pristine PU, virgin olive oil encapsulated PU and olive oil-ZnO/PU hybrid nanofibers were tested using S. aureus and S. typhimurium as model organisms. Briefly, the inoculum was prepared from fresh overnight broth (TSB) cultures that were incubated at 37°C. For antibacterial assay, the bacterial strains were first grown on agar medium and from the agar plates, fresh colonies were inoculated into broth (TSB-100 ml). Growth was monitored at every 4 h with UV-visible spectrophotometer (Shimadzu, UV-2550), till the optical density reached 0.1 at 600 nm. Subsequently, 1 ml inocula from the above was further added to 100 ml of freshly prepared TSB supplemented with known weights of pristine PU, virgin olive oil encapsulated PU and olive oil/PU-ZnO composite mats respectively. All the flasks were incubated at 37°C in a rotary shaker with shaking at 150 rpm. The growth rates and the bacterial concentrations were monitored by OD measurements as aforementioned at an interval of 4 h for 16 h. Furthermore, we also checked the changes in the pH and color of meat packed in the antimicrobial hybrid mat in the present study.
Results and discussion
Since microbial contamination on the meat surface occurs primarily during the slaughter and post slaughter process. However, the efficient antimicrobial packaging can inhibit or/delay microbial spoilage on meat surfaces between packaging and consumption. To preserve the meat from possible contaminations from spoilage microbes during storage, it is generally packaged in polystyrene trays and PVC films. However, the use of PVC films upset the atmosphere and water ecosystems by creating problems in the recycling of such materials. The purpose of our investigation was to check the possibility of replacing PVC film with novel olive oil/ZnO doped biodegradable polyurethane polymer matrix in order to preserve the characteristic meat color as well as control the microbial contamination. Polyurethanes (PUs) are important and versatile class of man-made polymers used in a wide variety of products in the medical, automotive and industrial fields. PU is a general term used for a class of polymers derived from the condensation of polyisocyanates and polyalcohols. It is well known that the PUs properties depend both on the method of preparation and the monomers used. In general, PUs can be prepared in one shot process or more commonly by a two-step method, (especially for the case of segmented PUs). In spite of their good physicochemical and mechanical properties and acceptable biocompatibility they are prone to degradation under different conditions. These conditions range from hydrolysis, oxidation, metal induced oxidation, environmental stress cracking, enzyme-assisted degradation and so forth. As soon as the importance of recycling was recognized, due attention has been given to the studies on elucidation of the biodegradability of PUs. Despite its xenobiotic origins, PU has been found to be susceptible to biodegradation by naturally occurring microorganisms. Microbial degradation of PUs is dependent on the properties of the polymer such as molecular orientation, crystallinity, cross-linking and chemical groups present in the molecular chains which determine the accessibility to degrading-enzyme systems. Esterase activity (both membrane-bound and extracellular) has been noted in microbes which allow them to utilize PU. Microbial degradation of polyester polyurethane is hypothesized to be mainly due to the hydrolysis of ester bonds by these esterase enzymes (Gary 2002) . We herein report for the first time the outcome of synergistic effect of virgin olive oil and zinc oxide for enhanced antimicrobial application. Fig. 1 shows the SEM images of the pristine PU and organic-inorganic hybrid matrix. PU solutions containing 5 wt.% of the polymer gives rise to well-defined nanofibers with diameters in the range of about 250-550 NM (±10 NM) as demonstrated in Fig. 1a . Plain electrospun nanofibers obtained had a smooth surface, bread free morphology and showed a relatively less diameter distribution. In the present study, we optimized the concentration of olive oil, which could let easily electrospinning. We initially tried 10 % of olive oil with respect to PU polymer, but this couldn't yield very well defined nanofibers ( fig. 1b) . Then we gradually decreased the concentration of oil. The 5 % doping of olive oil in PU resulted good morphology (Fig. 1c) . The incorporation of virgin olive oil into the spinning solution altered the fibrous morphology (Fig. 1b, c) . From the images (Fig. 1b, c ) merged fiber morphology is evident and this interconnection (cross linked fibers) between the fibers could be due to the low volatility of the olive oil. The shift from the non-bonded to the point-bonded fiber morphology of the mat significantly affects the mechanical strength and stability of the mat, which is desirable for packaging material. Fig. 1d shows the TEM image of the ZnO doped PU/Olive oil nanofibers after electrospinning. ZnO nanoparticles were observed as small particles and cluster in/on the surface of composite nanofibers. Fig. 2 shows the EDX analysis of the plain and olive oil/PU-ZnO bionanocomposite. The signals of carbon and oxygen were observed for pristine PU nanofibers (Fig. 2b) . As revealed by the Fig. 2a , the fibers contained carbon, oxygen, and Zn; no other elemental impurity was detected. The presence of olive oil and ZnO NPs in the dispersed composite was further confirmed by XRD pattern (Fig. 3) . In case of pristine PU (Fig. 3a) , no peak appeared in spectrum except a low intensity broad peak at~20°indicating the amorphous nature of the polymer (Silva et al. 2013 ). Presence of olive oil increases the peak intensity of the broad peak at~20°of PU polymers used (Fig. 3b) . This is an indication that the oil is dispersed in the matrix in microspheres form (Berger et al. 1976) . Whereas in the XRD of olive oil/PU-ZnO (Fig. 3b) , the sharp peak represents the presence of ZnO in the bionanocomposite. The ZnO crystals in the nanofibers have hexagonal structure (JCPDS no. 891397). Thus XRD spectrum clearly indicated the presence of ZnO particles in the composite nanofibrous mats. The results of XRD are consistent with the EDX.
Relatively very few reports are published about the olive oil based blend systems. Mariana Pereda et al. (2012) reported the fabrication of the edible chitosan/olive oil emulsion films with increased stability and tensile properties. Likewise, Ma et al. (2012) demonstrated the fabrication of Gelatin/olive oil composite films which revealed that olive oil has a good potential to be incorporated into gelatin to make edible films (2012) utilized two step methodology, i.e. layer-by-layer self-assembly technique and electrospining method to fabricate the packaging material especially for pork preservation. However, in the present study, we utilized facile one way electrospinning approach for the fabrication of hybrid packaging material for meat and meat products. We have encapsulated olive oil in the nanofibrous matrix. The nanoencapsulation offers advantages such as immobilization efficiency due to the large surface area and greater protection. The nanoencapsulation enhances light stability of the olive oil and thus maintains its characteristics for longer time. In the previous studies the authors have mainly used the organic components, but in the present study, we have introduced hybrid packaging material concept. Composite materials formed by the combination of inorganic materials and organic polymers are attractive for the purpose of creating highperformance or/highly efficient materials. The combination of two different components of interest may lead to new composite materials generally referred as organicinorganic hybrid materials. The hybrid materials composed of two different components are of great interest in the enhancement of the desired properties. This is because the mixing of two materials can improve the properties of the original single material and create a novel hybrid property. Thus; as-spun mat can be used as efficient antimicrobial packaging which potentially reduce contamination of meat/meat-products due to the synergistic effect of zinc and olive oil.
Antibacterial properties of the olive oil doped PU and olive oil/PU-ZnO hybrid nanofibers were tested using S. aureus and S. typhimurium as model organisms (Fig. 4) . These are the predominant pathogenic bacteria responsible for spoilage of food and food-borne infections. PU nanofibers without olive oil/ZnO components showed a little antibacterial activity. Conversely, olive oil doped PU nanofibers showed significant activity. Nevertheless, olive oil/ZnO-PU packaging mat showed greater inhibition of testing microorganisms indicating that the packaging mats are endowed with excellent antibacterial properties due to the introduction of virgin olive oil and ZnO nanoparticles (Fig. 4) . Olive Oil/ZnO-PU hybrid nanofibers have shown effective antibacterial activity against food/meat pathogens. Previously, Oussalah et al. (2004) evaluated the ability of a milk protein based edible film containing 1 % essential oils to control Pseudomonas spp. and E. coli H0157:H7 growth on surface inoculated beef muscle. The use of film containing essential oils significantly reduced the microorganism level in meat when compared to meat samples without film. Antibacterial nanofibers have attracted huge interests in recent years. In fact, with the emergence and increase of microbial resistant to multiple antibiotics, many researchers have tried to develop new antibiotics. The aim of our research was to develop novel virgin olive oil based ZnO decorated biodegradable PU packaging material with enhanced antibacterial activity. Olive oil is a natural material and is loaded with antibacterial ingredients (Kiritsakis and Markakis 1987) . Nevertheless, the antibacterial activity of the ZnO is also eminent; therefore, it is expected that the electrospun nanofiberous mats will have enhanced antibacterial action. Earlier workers have also reported the antibacterial effect of ZnO. ZnO is a widely used in cosmetic products (Chia et al. 2010 ) and other materials (Jalal et al. 2010; Becheri et al. 2008; Alessio et al. 2008; Sawai 2003) as it possess broad spectrum antimicrobial activity but is non-toxic to human cells. The unique combination of olive oil and ZnO nanoparticles displayed potent bactericidal effect due to synergism. Besides, the electrospun mats can be sliced into any size depending upon the requirement for packaging. Moreover; no significant effect of as-spun hybrid mat on changes in pH and color parameters of meat were found in the present study. However, detailed investigation of shelf life and toxicity will be made in future study. Fig. 5 described the fabricated hybrid mat and its projected future applications as packaging material for meat and meat based products.
Nowadays; the electrospinning technique has gained much popularity due to its versatility in spinning a wide variety of polymeric fibers and also it is a simple and economic approach to produce the fibers in the nano-range with uniform morphology. Additionally, the electrospun polymeric nanofibers are rapidly replacing the conventional packaging materials such as glass, ceramics, metals, etc. due to significant interesting characteristics such as light weight, low cost and ease of processability etc. However, in spite of many interesting properties, their capability to resist deformation is lower as compared to metals and ceramics. To address the aforementioned shortcomings and to meet the increasing expectations of customers there have been extensive investigation of suitable packaging materials with desired qualities. In the present study we have designed a hybrid material which is made up of polymer as well as the ZnO nanoparticels. Nanoparticles have proportionally larger surface area and significant aspect ratio than their micro-scale counterparts, which promotes the development of mechanical and barrier properties. Thus, it is expected that the performance of designed mat could be improved for food packaging by adding ZnO nanoparticles. Moreover, the advantage of using PU as the polymer is that PUs have increased tensile strength and melting points making them more durable. Their resistance to degradation by water, oils, and solvents make them excellent for the replacement of plastics (Gary 2002; Kriegel et al., 2008) . In summary, the results of our investigation suggest that the fabricated biodegradable nanofibrous mats are eco-friendly and could be used to replace PVC films for packaging fresh processed meat and meat based products. Some improvements of the properties or modifications of these materials can also be explored from the industrial application viewpoint. Now in future study these films can be modified by using the cheaper oil.
Conclusion
The aim of this work was to successfully develop novel organic-inorganic hybrid nanofibrous packaging material via facile electrospinning technique. The fabricated packaging mats were characterized in detail using sophisticated techniques and tested against the widespread spoilage organisms. The introduced biodegradable packaging material displayed potent antimicrobial activity against S. aureus and S. typhimurium. The outcome of our investigation clearly suggests that the fabricated biodegradable nanofibrous mats are promising materials and can be used for packaging fresh/ or processed meat and meat based products. Thus, we can conclude here that the prepared antimicrobial organic-inorganic hybrid nanofibers provide another attractive solution for packaging material to be utilized in meat and food packaging industries. The as-synthesized nanofibers seem to be capable to replace non-degradable films and overcome the recycling complexity. However, a detailed study is needed to investigate toxicity issues before this material can be reliably used.
